The study of navigational mechanisms used by mammalian sperm inside a microenvironment 8 yields better understanding of sperm locomotion during the insemination process, which aids in 9 the design of tools for overcoming infertility. Near-and far-field hydrodynamic interactions with 10 nearby boundaries and rheotaxis are known to be some of the steering strategies that keep sperm 11 on the correct path toward the egg. However, it is not known how the beating patterns of sperm 12 may influence these navigational strategies. In this study, we investigate the effect of flagellar 13 beating pattern on navigation of sperm cells both theoretically and experimentally using a two-14 step approach. We first isolate bovine sperm based on their rheotactic behavior in a zone with 15 quiescent medium using a microfluidic system. This step ensures that the swimmers are able to 16 navigate upstream and have motilities higher than a selected value, even though they feature 17 various flagellar beating patterns. We then explore the flagellar beating pattern of these isolated 18 sperm and their subsequent influence on boundary-dependent navigation. Our findings indicate 19 that rheotaxis enables sperm to navigate upstream even in the presence of circular motion in their 20 motility, whereas boundary-dependent navigation is more sensitive to the circular motion and 21 selects for progressive motility. This finding may explain the clinical importance of progressive 23 the sperm cells throughout the process of insemination. 24 Keywords: Mammalian sperm | Navigation | Rheotaxis | Boundary-dependent navigation | 25 Progressive motility 26 Significance 27
motility in semen samples for fertility, as the flow of mucus may not be sufficiently strong to orient Introduction 44 For successful fertilization, sperm cells must traverse the distance between the location of 45 semen deposition and the egg (1). During this transport, sperm cells require navigational 46 mechanisms to find the correct direction in which to move (2). These navigational mechanisms rely on external stimuli, including chemical (3-5), thermal (6), and fluid mechanical (7-9) clues, intracellular Ca 2+ concentration when it is exposed to a chemical stimulant (48, 49) . For instance, 145 the biological pathway of asymmetric beating for some marine invertebrates in a gradient of 146 chemical stimulant, including Ciona and sea urchin, is known to involve Ca 2+ -sensitive proteins 147 called "calaxin" (10) and "calmodulin" (48, 50, 51) , respectively. The increase in the intracellular 148 concentration of Ca 2+ leads to calaxin (or calmodulin) suppressing the movement of the outer 149 dynein arm. This suppression of the outer dynein arm then leads to asymmetric beating. Although 150 the role of calmodulin involved in the motility of stimulated sperm is known to be central for most 151 mammals (52) (e.g., bovine sperm (49)), the biological details of asymmetric beating at different 152 stages of sperm motility, including activated (i.e., unstimulated) and hyperactivated (i.e., 153 stimulated) is still unknown. Therefore, further molecular insight into asymmetric beating in 154 mammalian sperm is required to propose a mathematical model at the single cell level that captures 155 the molecular details of the process. Nevertheless, several studies have been carried out to propose 156 potential mechanisms for in-plane sperm circular motion caused by asymmetric flagellar beating the role of temporal harmonics in the beating pattern and its relation to the circular motion of 167 stimulated tethered human sperm, it is not necessarily valid for the untethered, unstimulated bovine 168 sperm in our study. Therefore, other potential mechanisms at the single cell level by which 169 asymmetric flagellar beating of untethered and unstimulated bovine sperm leads to circular 170 movement are required.
171
To determine the relation between asymmetric beating and circular motion of sperm, we 172 first reconstructed the beating patterns of the flagellum over one beat. We then applied the Fourier 173 transform to the beating pattern to yield its temporal frequencies (Supplementary Information Part 174 I). Our results indicate that asymmetry in the beating pattern is associated with an increase of the 175 main frequency (i.e., first harmonic) as well as decrease in its amplitude. Moreover, the zeroth and 176 higher harmonics simultaneously appear in the frequency domain as the asymmetry occurs. We 177 then described the beating pattern in the Fourier series ansatz, which includes an offset term as 178 well as the first and higher harmonics, as described in Eq. 1,
(1) 180 in which = 2 (with ≈ ) is the wave number, is the main frequency, and is the amplitude 181 of the n th harmonic, including a non-thermal white Gaussian noise (54). That is, the amplitude can 182 be described by =̃(1 + ( )) with 〈 ( )〉 = 0 and 〈 ( ) • ′ ( ′)〉 = ′ ( − ′).
183
This non-thermal noise may stem from asynchrony in the collective dynamic (55-57) of the dynein 184 motor proteins that are responsible for transport along microtubules within the sperm flagella (3,
Applying resistive force theory on the wave function described by Eq. 1, we can calculate 187 the forces produced by each segment of the flagellum in the tangential (x) and normal (y) directions 188 using = −( − )( )( ) and = − ( ) + ( − )( )( ) 2 , in which and 189 are drag coefficients in the normal and tangential directions. Therefore, the time-averaged forces 190 produced by each segment of the flagellum in the tangential (̃) and normal (̃) directions can be 191 described by:
194
Integrating ̃ and ̃ over the flagellum, the total forces produced in the tangential and normal 195 directions are ̃ and zero, respectively. Although the emergence of the zeroth harmonic does not 196 lead to a net normal force and subsequent translational motion, it produces a torque 197 = ( − ) 0 ∑̃2 (4).
=0

198
The obtained relations for the produced force and torque by the flagellum reveal that while the 199 tangential force is correlated to the characteristics of the first and higher harmonics, the amplitude 200 of the zeroth harmonic is involved in the torque as well. Applying the zero net torque and force 201 constraint, the tangential and angular velocity are found to be correlated through 0 :
in which Ω is the average angular velocity (Supplementary Information Part II).
To validate the analysis, we experimentally measured the angle sperm sweeps out in one 205 beat (Δ ), in which Δ is the difference between the deviation of the sperm head direction from 206 the average path to its left ( 1 ) and right ( 2 ) sides ( Fig. 2A ). Fig. 2B displays the measured Δ 207 values for sperm with progressive motility and circular motion. As can be seen, the average of 208 Δ ( ) (i.e., Δ ) for sperm with circular movement are significantly higher than that of sperm with 209 progressive motility. Considering that Ω = 2 • Δ , we measured the normalized angular velocity 210 (LΩV p −1 ) and curvature of the sperm path (̃) with regards to the amplitude of the zeroth 211 harmonic, as shown in Fig. 2C . Based on Fig. 2C , we determined to be 1.93 ± 0.33, which is 212 comparable to previously reported values (58). Based on these experimental results and the 213 agreement they show to the relations we derived from resistive force theory, we conclude that the 214 circular motion in the sperm motility is attributed to the zeroth harmonic in the flagellar beating.
We also demonstrate the effect of non-thermal Gaussian noise (33) in the amplitude of the 219 zeroth harmonic on the sperm trajectory. Based on the results gained from the resistive force theory 220 analysis, the noise in the zeroth harmonic yields a similar noise in the angular velocity. Therefore,
221
the angular velocity can be described as Ω = Ω(1 + 0 ( )). Including the non-thermal white normalized angular velocity (̃− 1 , blue) and curvature of the sperm path (̃, red) plotted versus the amplitude of the zeroth harmonic ( 0 ෦) to experimentally confirm the results obtained from resistive force theory. was determined to be 1.80 ± 0.34 and 2.07 ± 0.31 for the blue and red data points, respectively.
The average of these values reported as in the main text.
Gaussian noise in the angular velocity and simulating the sperm motion at different signal-to-noise 223 ratios (SNR), we found that this noise leads to stochastic movement of the center of the sperm's 224 circular path, as can be seen in Fig. 3A , which is consistent with our experimental observation of 225 bull sperm movement shown in Fig. 1C . These findings suggest that the inconsistency in the 226 sperm's circular path is a consequence of the noise in the amplitude of the zeroth harmonic. In 227 addition, we found the sperm are more capable of maintaining their circular path at higher SNR 228 values (SNR = 50, 55, 60), and thus we observe less movement at the center of these paths, as can 229 be seen in Fig. 3A . At lower SNR values, the sperm motion contains more stochasticity and thus 230 covers a larger domain. We repeated the simulation for 1000 sperm cells to find the diffusivity of 231 the circular path's center (i.e., ) at different SNR values, and as can be seen in Fig. 3B , is 232 inversely correlated to the SNR. Accordingly, we expect the distance of the circular path's center 233 from its initial location, ( ) to increase over time with ( ) 0.5 . Fig. 3C shows the ( ) obtained 
μm below the top surface and parallel to it (63), we obtained the velocity field imposed by the 264 flagellar beating for ∆ = 0°− 15° ( Fig. 4B ). We then integrated the net flow in the y direction 265 ( Fig. 4B ) imposed on the sperm body, which is caused by the presence of the no-slip walls, to 266 calculate the hydrodynamic interaction (i.e., HI), the results of which are demonstrated in Fig. 4C .
267
The velocity field generated by the progressive flagellar beating (∆ = 0) in the presence of the 268 no-slip boundaries leads to the attractive hydrodynamic interactions (> 0), as indicated in Fig. 4C , 269 which agrees with previous studies (22). As we added and increased the components of the circular as the components of the circular motion becomes larger, more of the flow imposed by the 281 progressive motion is damped by that of the circular motion and therefore the hydrodynamic 282 attraction decreases with sperm circular motion.
283
This decay in the far-field hydrodynamic interaction is also predicted by the analytical 284 expression for the swimmer model using the Stokeslet description. In fact, the attraction of the sperm toward the wall in the presence of the components of the circular motion can be described
, 288 in which and describe the far-field attraction with and without the components of the circular 289 motion. Neglecting , an increase in ∆ results in a decrease of attraction to the walls. At the near-wall condition (< the sperm body length), the dipole approximation is no longer 301 valid (35) and the sperm-wall interaction can be understood by near-field approximations, as 302 previous theoretical (38, 64) and simulation-based (65) studies suggest. We categorize the sperm 303 interaction with the curved sidewall into four different types: 1) a progressive sperm encounters 304 the wall, rotates, and follows it, as can be seen in Fig. 5A(I) ; 2) a non-progressive sperm encounters 305 the wall, follows it temporarily, and detaches ( Fig. 5A(II) ); 3) a non-progressive sperm that does 306 not contact the wall (Fig. 5A(III) ); and 4) a non-progressive sperm that encounters the wall and 307 stays still or moves slowly along it ( Fig. 5A(IV) ). These categories can be seen in Movie S2. To 308 interpret these near-wall interactions, we first used surface contact force analysis, in which the 309 wall influence on the sperm movement is modeled as a normal force.
310
When sperm is in contact with the wall surface there is a positive surface contact force,
311
whereas a surface force of zero corresponds to detachment of the swimmer from the wall (66).
312
Consider a sperm that encounters the wall of the quiescent zone with an incident angle of β, as 313 depicted in Fig. 5B . Under a zero-net force constraint, the normal surface force becomes = 314 ( ) − ( ), where and are the tangential and perpendicular forces, respectively.
315
The threshold angle that corresponds to the = 0 situation (i.e., ℎ ) is equal to tan −1 . For < sperm does not follow the wall. Since an increase in leads to higher ℎ , sperm with greater 318 values are less likely to contact and follow the wall.
319
For incident angles greater than ℎ (where the sperm-wall contact occurs), an increase in 320 leads to a smaller N, and thus easier detachment from the wall results. For the other condition,
321
in which the direction of the perpendicular force is opposite (Fig. 5C ), the surface force becomes Although surface contact force analysis can be used to gain a general notion of near-field 330 interactions, its only valid under circumstances where contact occurs. Therefore, we also 331 developed a hydrodynamic explanation for near-field interactions to obtain more quantitative 332 characterization. We used lubrication theory as a platform, where the sperm distance from the wall 333 was assumed to be much smaller than its length (42). We then solved the Stokes equation and 334 extracted the pressure distribution for sperm ( Fig. 5D ) at different incident angles (−90°< < 335 90°) and constant progressive velocity ( = 80 / ). Given that the contribution of pressure in 336 the stress tensor dominates that of the viscous stress (42) ( ≫ (∇ + ∇ )), the torque exerted 337 by the wall was calculated and the corresponding angular velocity is
in which is the stress tensor and is the coordinate of the sperm's center of mass. The obtained 340 angular velocity as a function of , including the effect of Ω , is shown in Fig. 5E . As can be seen 341 in Fig. 5E , for Ω = 0, the stable point occurs at = 0 with = , which is the required 342 angular velocity to follow the boundary of the curved wall (Supplementary Information part IV).
343
Whereas for Ω > 0, which corresponds to the configuration of Fig. 5B , > at = 0, 344 meaning it is not stable when following the boundary and the sperm subsequently detaches from 345 the wall. For Ω < 0 ( Fig. 5C ), − = 0 at < 0, which results in the tilted orientation of 346 the sperm at its contact point, and thus harder detachment and slower boundary-following motion.
347
To confirm our results obtained from the surface force analysis and lubrication 348 approximation, we experimentally measured the time of sperm detention on the wall (i.e., ) for different Ω (Fig. 5F) . The experimental results for indicate that the sperm exhibiting intrinsic circular motion either do not contact the wall (|Ω | > 76°/ ) or swim on the wall for shorter 
368
Based on these results, we conclude that boundary-dependent navigation is more sensitive 369 to the beating pattern compared to sperm rheotaxis; whereas sperm rheotaxis is more sensitive to 370 the motility (VAP). Accordingly, the findings of this paper, accompanied with the clinical 371 correlation between fertility and progressive motility in sperm samples (67), suggests that at some 372 points during the fertilization process, boundary-dependent navigation plays a central role. The findings of this study provide a comprehensive understanding of sperm locomotion during the in asymmetry. We then applied a fast Fourier transform on the beating patterns to determine their 417 temporal frequencies. These steps were performed using MATLAB (version R2017a).
418
Finite element method simulations. To obtain the velocity field imposed by the dipole swimmer 419 model and determine the far-field hydrodynamic interactions, we first imported the structure of −( − 0 ) 2 2 2 (9).
424
We use 0 , 0 to move and , to focus the point forces arbitrarily. This strategy was chosen to 425 lower the computational costs and prevent issues related to using small volumetric forces and their 426 associated meshing problems in the finite element method. Finally, solving the Stokes and mass 427 conservation equations for different Δ values, we obtained the results demonstrated in Fig. 4B .
428
Then by integrating the velocity field imposed by the sperm, we obtained the hydrodynamic 429 interactions in the y direction, as shown in Fig. 4C .
430
To find the torque imposed on the sperm at near-field through the lubrication 431 approximation, we first solved the Stokes equation for the schematic shown in Fig. 5D at different 432 incident angles. Exporting the pressure distribution and assuming the sperm's center of mass was 433 located on the flagellum and twice closer to the head than to the tail, the torque imposed by the 434 wall on the sperm and the subsequent angular velocity were calculated.
435
Esmaily for helpful discussions about hydrodynamic interactions, the dipole swimmer model, and 438 the surface force analysis used here. This work was performed in part at the Cornell Nano Scale sperm over pathogen Tritrichomonas foetus. Proc Natl Acad Sci 112 (17):5431-5436.
To model beating patterns that resemble that of the sperm flagella, we studied the pattern in one 613 cycle of flagellar beating using a traveling sine wave with a temporal phase of ( ) = (with 614 = 40 Hz as the angular frequency) in the range of − 0 ≤ ( ) ≤ 0 so that 0 ∈ [ , 2 ].
615
In turn, we constructed the even extension of the partial sine wave to form the flagellar beating 616 function over time. Fig. S1 shows these constructed patterns, which resemble the flagellar beating 617 of the sperm observed inside the quiescent zone. Here, the completely symmetric beating ( 0 = 618 2 ) corresponds to sperm with absolute progressive motion, while asymmetry within the flagellum 619 motion ( 0 < 2 ) results in intrinsic circular motion. To analyze the beating patterns and the 620 resulting sperm motion, we applied the Fourier transform to yield the temporal frequencies ( Fig.   621 S2). Interestingly, with increasing temporal asymmetry in the beating pattern, the frequency of the 622 main (first) harmonic increases while its amplitude decreases. Moreover, the zeroth and second 623 harmonics simultaneously appear in the frequency domain. 
II. Resistive force theory 644
In this section we use resistive force theory to derive equations describing the forces produced by into its tangential and normal components, and , using , which is the tangential angle (S1- 
657
In which, and are drag coefficients in the tangential and normal directions. Since the 658 amplitude of all harmonics are small in comparison to the sperm length, we can make the following 
662
Using the approximations in Eq. S7-8, we can write out the tangential and normal velocities and 663 forces using Eq. S9-12. The force produced by each segment in the x and y directions are described by Eq. S13-14.
679
= cos − sin ( 13) 680 = sin + cos ( 14)
681
Plugging Eq. S7, 11-12 into Eq. S13-14:
yields Eq. S17-18, which are the forces produced by the flagellum in the x and y directions. The forces produced by a segment of flagellum moving with ( , ) in the tangential and normal 691 directions can be described by Eq. S17 and S18, where and are the corresponding drag 692 coefficients. Plugging Eq. S19 into Eq. S17 yields Eq. S20. Integrating the ̃ over the flagellum, the total force and velocity produced in the x direction is:
. 706 Plugging Eq. S19 into Eq. S18 yields Eq. S25. Therefore, Eq. S27 reduces to Eq. S28-29: 715 = −2 0 2 ( − ) sin(− ) (∑ 2 sin 2 ( − )) ( 28).
Force in the y direction and the corresponding torque
707 = −( − ) (∑ ( ) sin( − ) =0 ) • (∑ sin( − ) =0 ) 2 ( 25) 708 = − 2 ( − ) (∑ sin( − ) =0 ) • (∑ sin( − ) sin( − ) , )( 26
716
= 0 2 ( − ) sin( ) (∑ 2 (1 − cos2( − ))) ( 29)
717
Taking the average of Eq. S28, the average force produced by each segment in the y direction is: direction is a function of x, meaning that the effect of the zeroth harmonic can be seen in the force 723 produced in the y direction.
724
Integrating the forces produced by each segment in the y direction over the flagellum, the total 725 force produced in the y direction becomes zero:
726
̃= ∫0 = 0 ( 31).
727
However, the total force produced in the front half of the sperm is non-zero and equal to the force 728 produced in the rear half of the sperm:
731
We calculated these two forces for the ratio, which is required for the Stokeslet description of 732 the microswimmer model. Although the total force produced in the y direction is zero, the torque 733 produced by the flagellum is not zero:
734
= ∫( − )̃= ( − )̃0 ∑̃2 ( 34).
735
To find the angular velocity of the sperm ̃, we need to calculate the torque produced by drag as Since the curvature of the sperm trajectory is described by ̃̃− 1 (in which ̃ is the angular 744 velocity of the sperm and ̃ is the sperm velocity), the curvature can be defined as: In turn, one can write out the ratio as: Using Eq. S40, S41, and S42, the velocity field imposed by the swimmer model is: The influence of the no-slip boundary condition on the imposed flow is modeled by the mirror 783 image of the swimmer in the boundary. Accordingly, the velocity field imposed on the sperm that 784 causes the far-field attraction toward the wall is with = 2ℎ, in which ℎ is the distance between V. The flow field produced by the progressive motility and circular motion. 804 The flow field produced by the swimmer model in Fig. 4 is the superposition of the flow field 805 produced by the components of progressive motility ( ⃗ ) and circular motion ( ′′ ⃗⃗⃗⃗⃗⃗ and − ′′ ⃗⃗⃗⃗⃗⃗ ) and 806 their corresponding drags (− ⃗ , ′ ⃗⃗⃗⃗ and − ′ ⃗⃗⃗⃗ ). To identify the mechanism of reduction in the far-field 807 attraction with the components of circular motion, we simulated the progressive term with 808 corresponding drag ( Fig. S4(A) ) and the components of circular motion with corresponding drags 809 ( Fig. S4(B) ), separately. Similar to Fig. 4 in the manuscript, the arrows show the normalized 810 vector field while the magnitude of the flow is represented in color. 
VI. Lubrication approximation 822
The stress tensor is 823 ̿ = − ̿ + ( + ) ( 47).
824
At distances adequately close to the wall, the contribution of the pressure dominates and ≈ − ̿ .
825
Accordingly, the torque exerted on the sperm by the boundary can be written out as 826 = ∫ − ( − ) ( 48).
827
Neglecting the sperm mass, the net torque applied on the sperm is equal to zero, meaning that the 828 drag torque cancels out the torque exerted by the wall. This constraint gives us
in which is the angle of the sperm swimming direction with respect to the wall.
